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Introduction
A scochyta rabiei, a pathogenic deuteromycete pa rasite of chickpea (Cicer arietinum L.) is the causal agent of the economically im portant blight of this grain legume crop [1] , This fungus (the sexual stage is nam ed M ycosphaerella rabiei) has previously been shown to be a potent degrader of the isoflavone biochanin A [2] and the pterocarpan medicarpin [3] which are im portant defense compounds of chickpea plants [4] , The ability of phytopathogenic fungi to degrade the preinfectional and postinfectional fungal inhibitors of higher plants is considered to be a m ajor feature of pathogenicity [5] [6] [7] ,
In continuation of our studies on the fungal degra dation of pterocarpan phytoalexins [3, 8 , 9] we now report on the catabolism of the chickpea phytoale xin (-)-m aackiain ( [ 6 a R : 11 aR]-3-hydroxy-8,9-m ethylenedioxypterocarpan; (1) in Fig. 1 ) by the chickpea pathogenic strains of A . rabiei. All strains were shown to be potent degraders of this phytoale- xin and by structural elucidation of various aromatic catabolites two predom inant types of conversion reactions of 1 could be clarified.
Materials and Methods

Fungal strains
A. rabiei strains I to IV have previously been used in degradative studies on chickpea phenolic con stituents [2, 3] . The other strains, obtained from M. C. Saxena, IC A R D A , A leppo, Syria, were named as follows: V, Jisir Elchoutan; VI, Sarmin; VII, TH old; V III, Isra; IX, M aret Musrin; X, A tareb-edleb.
The growth of strains on chickpea-seed-meal-glucose or potato-glucose m edia, as well as cultivation and harvest of mycelia for incubation experiments were as described [2, 3] ,
Incubation conditions
The standard incubation assays of mycelium with substrates (10~4 m) and the isolation of catabolites followed earlier reports [2, 3] .
Protein preparations
The preparation of protein extracts and the incu bation of such cell free enzyme mixtures with sub strates (1CT4 m), N A D PH (0.4-2 mM) and dithioery-thritol (1 ihm) have been described [3] . Control assays were incubated, respectively, with boiled protein extracts, N A D H as coenzyme or with oxygen-free nitrogen instead of normal air.
Product analyses
Thin-layer chrom atography (TLC) was perform ed with silica gel plates and the solvents S I: b en zen e: ethyl a c e ta te : petrol ether (b.p. 60-80 °C): m ethanol = 6:4:3:2 (v/v), and S 2 : b en zen e: ethyl a c e ta te : petrol ether:m ethanol = 6:4:3:1.
Phenolic catabolites were detected by spraying with diazotized /?-nitroaniline. The procedures for separation and quantitation of com pounds by HPLC have been reported [2, 3, 16] .
UV-visible absorption spectra and gaschromatography-mass-spectroscopy (GC-M S) were as previ ously described [3] . For GC-MS phenolics were either m easured in form of their trimethylsilyl (TMSi) or acetyl derivatives [19] or in underivatized form. 'H -NM R-spectroscopy was perform ed with a B ruker WM 300 M H z-N M R-spectrom eter with tetram ethylsilan as internal standard.
Com pounds
Dihydromaackiain (2) was synthesized from maackiain by reduction with N aB H 4 according to R. M. Cooper (pers. communication). 1 a-Hydroxy-8,9-m ethylenedioxy-pterocarp-l,4-diene-3-one (3) had been isolated from degradative studies of 1 with Nectria haematococca [12] , All other compounds were from the collection of the institute.
Structural elucidation o f catabolites fro m mycelial incubations
The phenolic catabolites of 1 as isolated from the growth medium were separated and purified by TLC (Si, S2). All fractions were also assayed by HPLC and individually subjected to UV-, 'H NM R and GC-MS-spectroscopy. The interpretation of MSspectra of isoflavonoids and pterocarpans as well as the nom enclature of molecular fragments follows earlier reports [3, [8] [9] [10] [11] . Reference compounds were included in the identification process whenever possible.
The spectral data of all identified catabolites are subsequently given with their /?r values on TLC (Si), the retention time RT during HPLC [3] and their number according to Fig. 1 . These spectra were confirmed with reference material. The formation of a tri-trimethylsilyl derivative can be explained by derivatization of a hydroxyl group at C-7 generated by enolization [11, 19] The interpretation of the spectrum is based on the assumption that the 2 protons H -6 ortho to the car bonyl group absorb at lower field in comparison to the H-5 protons. 2 mM) and A . rabiei protein prepara tions and 1, 2 or 3 as substrates (10-4 m) were ex tracted with ethylacetate. Separation of compounds was perform ed by TLC (S,) and finally by HPLC [2, 3] . Purified catabolites were subjected to UV-and NM R-spectroscopy as well as GC-MS analyses. The spectral data obtained are summarized under "myce lial catabolites" .
Results
Catabolites o f Maackiain
In a comparative study on the degradation of maackiain (1) by the strains of A. rabiei (see below) all isolates were shown (TLC, HPLC) to be potent degraders of the phytoalexin. Conversion of 1 com m enced without any detectable lag-phase with the transient accumulation of numerous catabolites. Many of these compounds occurred in only low am ounts insufficient for structural elucidation. M aackiain was totally consumed within 6-10 h and finally all arom atic interm ediates had completely dis appeared from the incubation medium within al together 24 h. Extraction of mycelia with ether after this period of incubation did not lead to any residual UV-absorbing catabolites indicating that complete degradation of 1 and its disintegration products had occurred. Since only quantitative differences in the accumulation of catabolites could be observed among the various fungal isolates, strain III was cho sen for a thorough analysis of the interm ediates in the degradation sequence of maackiain.
Mycelial preparations of A . rabiei strain III were incubated with 1 (10~4 m; total volume up to 2000 ml) for various periods of time (2, 5-4 h) and the catabolites extracted from the growth medium were separated by TLC (Si). Six bands were ob served and the compounds extracted from them were all rechrom atographed (TLC; Si, S2). They were in dividually subjected to GC-MS-analyses and UVspectroscopy as well as to 'H-NM R-spectroscopy w henever sufficient material was available. The spectral data (see Materials and Methods) are inter preted on the basis of our earlier detailed report [3] on MS fragm entation pattern of pterocarpans and isoflavans and of other published data [9] [10] [11] [12] . The structures of the elucidated compounds are arranged in Fig. 1 according to the most likely degradative sequence as based on time course studies (see below) and chemical structure. It is evident that both reductive and oxidative reactions are involved in maackiain degradation by A . rabiei.
M aackiain (1) degradation starts with the form a tion of com pounds 2 and 3 which were already known as conversion products of 1 from other fungi [13 -15] . The oxidation product 3 accumulated in only small am ounts because it was readily reduced to compounds 7 and 8. The MS-data of 7 and 8 clearly indicated that the reduction reactions had occurred in ring A of 3 because the two characteristic mass fragments of pterocarpans representing rings C and D (m/e 176 and 163) were both found in the spectra of compounds 3, 7 and 8 .
Am ong the conversion products of 2 compound 5 is one of the most prominant interm ediates in the catabolism of m aackiain. The homology in the oxida tion pattern of ring A between compounds 5 and 7 was clearly supported by the MS-data and the NMRspectrum . The chemically unexpected stability of 5 and 7 towards arom atization by dehydration (which would lead to 2 and 1 , respectively) deserves further investigations.
Com pound 4 accumulating in low amounts only, was structurally elucidated by the fragmentation p at tern visible in the MS-spectrum and by the analogy with the MS-spectrum of compound 3.
Com pound 6 , a dehydrogenation derivative of 2, showed a fragm entation pattern in the MS-spectrum which had been found earlier [3, 9] in studies on an analogous product formed during medicarpin degra dation by A. rabiei and Fusarium oxysporum .
E n zym atic investigations
F urther insight into maackiain catabolism by A. rabiei strain III could be obtained by incubation experim ents with cell free crude protein preparations carried out according to our previous report [3] , In the presence of N A D PH (N A D H was not effective) the rapid form ation of three products was observed (HPLC) which were identified as 2 and 5 (GC-M S, NM R) and 3 (GC-MS). Exclusion of oxygen from these incubation assays prevented the accumulation of compounds 3 and 5 and solely led to 2. W hen dihydromaackiain (2 ) was used as substrate in the presence of N A D PH and oxygen the polar catabolite 5 was form ed; com pound 4 was not observed as an interm ediate. The enzymatic form ation of 5 from 2 but not from 3 was further dem onstrated by the ob servation that com pound 3 was not converted to products 4 or 5 by such cell free protein preparations either with or without N A D PH .
Furtherm ore, these enzymatic investigations have substantiated our assumption that the enzymatic ac tivities for the reductive (i.e. form ation of 2 ) and the oxidative (i.e. formation of 3) conversion of 1 are constitutively expressed in A . rabiei [3] , Preincu bation of mycelial preparations of strain III with maackiain (1 ) ( 1 0 -4 m; 6 h) did not lead to any higher enzyme activities than measured in uninduced cells.
Com parison o f A . rabiei strains f o r maackiain degradation
As indicated before the 10 strains of A . rabiei all possess the ability for the degradation of 1 regardless of w hether chickpea-seedmeal or potato-hom ogenate were used as growth medium. Preincubation of various strains with 1 for up to 6 h did not lead to any accelerated degradation of the phytoalexin so that constitutive expression of degradative enzymes by A . rabiei must be assumed. The strains greatly differ in their ability to accumulate the various interm edi ates shown in Fig. 1 . The analyses (TLC, H PLC), however, support the conclusion that all strains con vert maackiain both oxidatively (form ation of 3) and reductively (form ation of the isoflavan 2). Further investigations must show to which extent these alter native enzyme reactions are expressed in the A . rabiei strains employed in these investigations.
Discussion
Chickpea pathogenic isolates of A . rabiei readily degrade the two pterocarpan phytoalexins medicarpin [3] and maackiain ( Fig. 1) of this crop plant. These results again show that the potential for phy toalexin disintegration must be assumed to be an im portant trait of phytopathogenic fungi [5] [6] [7] .
As previously dem onstrated for medicarpin [3] A . rabiei also degrades m aackiain along two m ajor routes as indicated by the initial catabolites 2 and 3. It is im portant for our future investigations on the virulence mechanisms of the A . rabiei isolates to de termine to which extent these two alternative en zyme reactions are expressed in A . rabiei under in vivo conditions and how they contribute to the de gradation of the pterocarpan phytoalexins during the infection process of chickpea plants. Such investiga tions will be facilitated by our present observations that these two enzyme reactions can be measured with cell-free protein preparations; a thorough characterization of the two enzyme reactions is pres ently carried out.
Reductive cleavage of the benzylphenylether bond of 1 yielding the 2 '-hydroxyisoflavan 2 has repeatedly been observed with several pterocarpans in various different fungi [3, 5, 8 , 9-11, 13-16] . Recent inves tigations [2 0 ] on the enzyme partially purified from A . rabiei strain III have shown that the reaction strictly depends on N A D PH and that the enzyme is specific for medicarpin and maackiain. This fact readily explains our observation that compounds 4 and 5 are formed from 2 and not from 3 or 7, respec tively.
Form ation of the 1 a-hydroxy-pterocarp-l,4-diene-3-one (3) from 1 has so far only been reported for maackiain metabolism by Nectria haem atococca [12, 17] where oxidative attack represents the sole route of pterocarpan conversion. A . rabiei is at present the only example in pterocarpan fungal metabolism where both reductive cleavage to 2 and oxidative conversion to 3 occur in one fungus. The pronounced ability of A . rabiei for such oxidation reactions at ring A is dem onstrated by the formation of the analogous compounds 3 and 4. Future investigations must show whether these reactions are catalyzed by one or two enzymes.
The reduction reactions as indicated by the struc tures of compounds 5, 7 and 8 have hitherto not been observed in pterocarpan degradation with any fungus other than A . rabiei [3] , Reductases for the N AD PHhydrogenation of a,ß-unsaturated ketones are, how ever, well known from various fields such as steroid metabolism in numerous microorganisms [18] . Fu ture investigations will have to elucidate the degrada tive pathways of the keto compounds 5 and 8 because they are only transiently accumulated by A . rabiei.
2,4-Dihydroxybenzoic acid has recently been found as a late aromatic catabolite of medicarpin by A . rabiei [3] . In case of this phytoalexin it could not be decided w hether the benzoic acid had been form ed from either ring A or ring D of the pterocar pan molecule. In view of the pronounced accumula tion of com pounds 3 -8 with a modified structure in ring A and the fact that 2,4-dihydroxybenzoic acid could not be isolated during maackiain catabolism by A . rabiei this benzoic acid might have originated from ring D.
Future investigations with A . rabiei and maackiain will be devoted to a more complete analysis of the later stages of the degradation sequence of 1 by this fungus and characterization of the enzymes involved. Furtherm ore, detailed analyses are required con cerning the stereochem istry of the isolated catabolites both with respect to the astonishing stability of compounds 5 and 7 towards aromatization and to the steric course of the enzymatic transformations.
